1. Introduction {#sec1-ijms-21-04449}
===============

Prostate cancer is the most diagnosed nonskin cancer type in men and remains a major cause of cancer-related deaths among the male population. It is a complex disease that exhibits molecular, pathological, and genomic heterogeneity. Prostate tumorigenesis is a multi-stage process that begins with the development of a low-grade prostatic intraepithelial neoplasia (PINs), which transits into an aggressive adenocarcinoma, then castration-resistant prostate cancer (CRPC), and ultimately advances to become metastatic prostate cancer \[[@B1-ijms-21-04449],[@B2-ijms-21-04449]\]. Because normal prostate tissues rely on androgen and its receptor, androgen receptor (AR), for development and maintenance of homeostasis, targeting the AR pathway via androgen deprivation therapy (ADT) constituted a viable mechanism that was generally utilized for treatment of prostate cancer. Although surgery and radiation are also effective therapy options for localized prostate cancer, ADT remains the first treatment option in metastatic prostate cancer \[[@B3-ijms-21-04449],[@B4-ijms-21-04449]\]. The involvement of AR in modulation of differential gene transcription programming in both AR-dependent and AR-independent prostate cancer has also been reported \[[@B5-ijms-21-04449]\]. ADT resistance ultimately leads either to the development of a primary CRPC or a metastatic CRPC \[[@B6-ijms-21-04449]\]. New guidelines in recent years, however, includes combining ADT with other chemotherapeutic drugs (e.g., Docetaxel) to improve overall patient survival \[[@B7-ijms-21-04449],[@B8-ijms-21-04449]\]. Furthermore, various studies have shown how androgen-dependent and -independent pathways promote prostate tumorigenesis \[[@B2-ijms-21-04449],[@B9-ijms-21-04449],[@B10-ijms-21-04449],[@B11-ijms-21-04449],[@B12-ijms-21-04449],[@B13-ijms-21-04449]\]. In spite of the successes attained in treatment of prostate cancer, these achievement milestones have been dampened by resistance to drug treatments and generation of evasive mechanisms by tumor cells. As a consequence, this disease remains a major healthcare challenge to date.

Most deaths from prostate cancer are as a result of the development of a metastatic disease state \[[@B6-ijms-21-04449]\]. With tumor spread, patients succumb to the terminal stage of prostate tumorigenesis. Prognosis and treatment options at this stage of the disease are low. Metastatic prostate cancer patients were predicted in 98% of cases to have an overall survival of less than 5 years \[[@B14-ijms-21-04449]\]. Prostate tumor cells have the bone as their major site of metastasis and typically appear as osteoblastic lesions interspersed with osteolytic areas \[[@B15-ijms-21-04449]\]. Other organs of metastasis include the lymph node, liver, lungs, and brain \[[@B16-ijms-21-04449],[@B17-ijms-21-04449],[@B18-ijms-21-04449]\]. In general, metastatic prostate cancer is grouped under two main categories: ADT-naïve and ADT-resistant prostate cancer \[[@B7-ijms-21-04449]\]. Other known prostate cancer phenotypes include neuroendocrine (NE) and small cell prostate cancer that are characterized as AR negative and appear as highly aggressive disease forms. These tumor types exhibit aberrant gene mutations and expression, which although mainly impacts AR, may also involve other genes including TP53, PTEN, RB1, ETS, and SPOP among others \[[@B7-ijms-21-04449],[@B19-ijms-21-04449]\]. Taichman et al. \[[@B20-ijms-21-04449]\] described how the generation and maintenance of bone metastatic microenvironment involves a complex interplay of divergent factors that includes bone cells, tumor cells, endothelial cells, immune cells, cytokines and chemokines, as well as an array of growth factors. With metastasis, only a few migrated tumor cells are able to re-establish clones and form macrometastases in the new microenvironment; others loose viability in the blood stream, fail to initiate growth after extravasation, or the generated micrometastases are unable to proceed with their development \[[@B21-ijms-21-04449],[@B22-ijms-21-04449]\].

2. Cytokines and Chemokines {#sec2-ijms-21-04449}
===========================

Cytokines are a diverse family of low-molecular weight proteins involved in the mediation of communication between cells. They exhibit complex roles in immunity, host defense, inflammation, as well as in tumor immunobiology by acting via autocrine, paracrine, and/or endocrine mechanisms. The major subgroups of cytokines includes interleukins, interferons, colony-stimulating factors, chemokines, as well as tumor necrosis factors, and they are produced either as secreted or membrane-bound proteins \[[@B23-ijms-21-04449],[@B24-ijms-21-04449]\]. A characteristic feature of cytokines is pleiotropy and redundancy; with different cytokines exhibiting functional similarities \[[@B25-ijms-21-04449],[@B26-ijms-21-04449],[@B27-ijms-21-04449]\]. Cytokines elicit their effects by interacting with members of a family of cytokine receptors that includes type I, type II, immunoglobulin superfamily, TNF, G-protein coupled (chemokine), TGFβ, and IL-17 receptors \[[@B28-ijms-21-04449]\]. Upon binding to receptors on target cells, cytokines activate a sequence of downstream proteins that culminates in alteration of gene expression patterns and elicitation of desired responses in target cells \[[@B29-ijms-21-04449]\]. Of these, the Janus kinases (JAK)---signal transducers and activators (STAT) pathway constitutes the canonical pathway activated following cytokine--receptor interaction \[[@B30-ijms-21-04449],[@B31-ijms-21-04449],[@B32-ijms-21-04449],[@B33-ijms-21-04449]\]. Other activated signaling pathways include the PI3K/AKT and Raf/MEK/ERK pathways \[[@B33-ijms-21-04449],[@B34-ijms-21-04449],[@B35-ijms-21-04449]\].

Chemokines are a large family of chemotactic cytokines that modulate immune cell movement and positioning and act by coupling to seven-transmembrane protein receptors known as G-protein coupled receptors (GPCRs). In humans, they are about 50 known chemokines and 20 GPCRs \[[@B36-ijms-21-04449],[@B37-ijms-21-04449]\]. Based on the first two N-terminal cysteine amino acid residues, chemokines are classified into four subfamilies, namely: CC, CXC, CX3C, and XC \[[@B38-ijms-21-04449]\]. Studies have also reported the existence of these proteins either in monomeric, dimeric, or oligomeric states and their molecular form may impact their biological functions \[[@B39-ijms-21-04449],[@B40-ijms-21-04449],[@B41-ijms-21-04449]\]. By interacting with their receptors, chemokines transduce their responses by activating multiple signaling pathways including the PI3K, MAP kinase, and JAK/STAT pathways \[[@B42-ijms-21-04449]\].

Of key importance in tumor progression and metastasis is the modulatory involvement of cytokines and chemokines. Moreover, tumor cells themselves do express cytokines. Cytokine/chemokines impact tumorigenesis by either directly regulating tumor cell growth, invasiveness, and metastasis or indirectly by exerting modulatory effects on stromal cells, immune cells, promotion of metastatic niche, as well as inducing angiogenesis in the cancer microenvironment \[[@B24-ijms-21-04449],[@B43-ijms-21-04449],[@B44-ijms-21-04449]\]. Interestingly, as cancer progresses, the level of expression of numerous cytokines/chemokines and their receptors have been found to correspondingly increase in primary tumor tissues, metastatic sites, and patient serum, with numerous studies revealing correlation between their upregulated expression and tumor progression, metastasis and disease prognosis \[[@B45-ijms-21-04449],[@B46-ijms-21-04449],[@B47-ijms-21-04449],[@B48-ijms-21-04449],[@B49-ijms-21-04449]\]. Similarly in prostate cancer, the involvement of various cytokines/chemokines and their signaling pathways in promotion of tumor growth and metastasis has been well studied \[[@B50-ijms-21-04449],[@B51-ijms-21-04449],[@B52-ijms-21-04449],[@B53-ijms-21-04449]\]. This has been achieved through the use of in-vitro cell-based analysis approaches, human clinical sample analyses, and in-vivo animal xenograft, orthotopic as well as transgenic model systems. Among the most important cytokines/chemokines associated with prostate cancer metastasis and discussed herein includes IL-6, CXCL12, TGFβ, CXCL8, VEGF, RANKL, CCL2, CX3CL1, IL-1, IL-7, CXCL1 and CXCL16.

3. Role of Cytokines and Chemokines in Prostate Cancer Metastasis {#sec3-ijms-21-04449}
=================================================================

Metastasis is a process wherein select subpopulations of tumor cell clones detach and disseminate from primary foci, travel through the blood and/or lymph vasculature, and re-establish themselves in a secondary growth site. Metastasis involves a complex cascade of events that includes primary tumor site extracellular matrix (ECM) remodeling, epithelial--mesenchymal transition (EMT), angiogenesis, basement membrane invasion, intravasation, travel of circulating tumor cells (CTCs) through the blood, extravasation, generation of a premetastatic niche and culminates with homing, and re-establishment of tumor cells in the metastatic site \[[@B16-ijms-21-04449],[@B54-ijms-21-04449],[@B55-ijms-21-04449],[@B56-ijms-21-04449]\]. It is understood that CTCs migrate to the bone marrow using similar mechanisms adopted by hematopoietic stem cells during bone marrow transplantation \[[@B57-ijms-21-04449]\]. The entire metastasis process is regulated by multiple signaling pathways and with disseminating tumor cells undergoing an array of biochemical, molecular and phenotypic changes. During the initial phase of prostate cancer metastasis, tumor cells undergo gene changes that allows for both diminished cell--cell and cell--ECM adhesion as well as increased invasiveness and migratory ability \[[@B21-ijms-21-04449]\]. Substances are secreted into the tumor microenvironment (TME) which causes degradation of the ECM and basement membrane, chemotaxis of immune cells, alteration of adhesion protein expression, and remodeling of the primary tumor site. Some of these secreted substances include proteins known as cytokines and chemokines.

Cytokines and chemokines secreted by prostate cancer cells, stromal cells, immune cells, and other cells within the TME as well as metastatic site drive the various stages of the metastasis process ([Figure 1](#ijms-21-04449-f001){ref-type="fig"}). These proteins exert their effects either through autocrine or paracrine mechanisms and facilitate cross talk between prostate tumors and the TME.

3.1. Cytokines in Prostate Cancer EMT {#sec3dot1-ijms-21-04449}
-------------------------------------

A characteristic feature of metastatic cells is the ability to undergo EMT. It is a sequence of events that transforms differentiated epithelial cells into undifferentiated mesenchymal phenotype and confers invasive and migratory ability on them \[[@B55-ijms-21-04449],[@B58-ijms-21-04449],[@B59-ijms-21-04449]\]. This transdifferentiation process allows tumor cells to become more mobile, as they generate invasive protrusions and loose cell--cell contacts \[[@B55-ijms-21-04449],[@B58-ijms-21-04449]\]. During EMT, E-cadherin expression is downregulated while N-cadherin and vimentin expression are upregulated, along with increased metalloproteinase (MMP) expression \[[@B16-ijms-21-04449],[@B55-ijms-21-04449],[@B60-ijms-21-04449]\]. Both EMT and its reverse process, mesenchymal--epithelial transition (MET), are both required for metastasis initiation and progression, respectively \[[@B61-ijms-21-04449]\]. Recent studies, however, indicate that tumor cells may actually exist in different phases along the EMT spectrum as they metastasize and not just completely switch to mesenchymal phenotype as previously suggested \[[@B62-ijms-21-04449],[@B63-ijms-21-04449]\]. EMT phenotypic changes have also been implicated in the development of stem-like properties and it constitutes a major driver of drug resistance in cancer cells \[[@B59-ijms-21-04449],[@B64-ijms-21-04449],[@B65-ijms-21-04449]\]. Furthermore in a metastatic prostate cancer, a large proportion of CTCs present with epithelial, mesenchymal, and stem-cell markers co-expression \[[@B66-ijms-21-04449]\]. Consequently, several studies have reported association between alteration in expression of EMT markers and prostate cancer progression and metastasis \[[@B67-ijms-21-04449],[@B68-ijms-21-04449],[@B69-ijms-21-04449],[@B70-ijms-21-04449],[@B71-ijms-21-04449],[@B72-ijms-21-04449],[@B73-ijms-21-04449]\].

Cytokines have found undisputable roles in the process of EMT; among which includes TGFβ, IL-6, CXCL8, IL-7, and CX3CL1 \[[@B73-ijms-21-04449],[@B74-ijms-21-04449],[@B75-ijms-21-04449],[@B76-ijms-21-04449],[@B77-ijms-21-04449]\]. Stimulation of ARCaP cells by TGFβ1, along with EGF, promoted EMT and resulted in increased incidence of bone metastasis \[[@B78-ijms-21-04449]\]. Chen et al. \[[@B79-ijms-21-04449]\] reported the ability of TGFβ to promote EMT by downregulating the expression of human leukocyte antigen class I (HLA-1) in prostate cancer cells. Similarly, the induction of EMT by TGFβ in prostate cancer was found to be mediated through TRPM7 modulation \[[@B80-ijms-21-04449]\]. Giannoni et al. \[[@B81-ijms-21-04449]\] described how prostate cancer-derived IL-6 secretion stimulated release of MMPs from cancer-associated fibroblasts within TME and this resulted in the promotion of tumor growth and angiogenesis, via EMT and upregulation of stem-cell markers in the tumor cells.

3.2. Cytokines in Prostate Cancer Angiogenesis {#sec3dot2-ijms-21-04449}
----------------------------------------------

Enhanced angiogenesis is one of the hallmark processes involved in cancer metastasis, prostate cancer inclusive, and has remained a target for prostate cancer treatment \[[@B82-ijms-21-04449]\]. This is because increased neovascularization and oxygenation facilitates tumor growth, invasion, and metastasis. Tumor-associated angiogenesis is driven by various cytokines including vascular endothelial growth factor (VEGF), CXCL8, IL-6, and TGFβ \[[@B83-ijms-21-04449],[@B84-ijms-21-04449],[@B85-ijms-21-04449]\]. As tumor begins to develop, these proteins induce angiogenic switch within the prostate TME by initiating change from a prevascular to a vascularized phenotype, and this is characterized by increased proliferation and migration of endothelial cells as well as increased formation of vascular tubes \[[@B86-ijms-21-04449]\]. During this process, there is a consequential breakdown of the ECM and basement membrane and this promotes tumor cell intravasation \[[@B87-ijms-21-04449]\].

Metastatic prostate cancer cell lines demonstrate increased gene expression of proangiogenic cytokines VEGF, CXCL8, and TGFβ \[[@B88-ijms-21-04449]\]. Among the known proangiogenetic cytokines, VEGF remains the prime and most potent cytokine, exerting high mitogenic actions on endothelial cells \[[@B89-ijms-21-04449]\]. Prostate cancer cell lines as well as primary cultures of human prostate cancer clinical samples all express VEGF \[[@B90-ijms-21-04449]\]. Inhibition of the VEGF/VEGFR axis suppresses prostate tumor angiogenesis and metastasis \[[@B91-ijms-21-04449],[@B92-ijms-21-04449],[@B93-ijms-21-04449]\]. Intratumoral lymphangiogenesis is also impacted by the level of VEGF secretion. As shown by Wong et al. \[[@B94-ijms-21-04449]\] using an orthotopic mouse model, siRNA targeted inhibition in VEGF-C resulted in an overall decrease in the number of lymphatic vessels draining through the tumor. Furthermore in the bone, VEGF facilitates creation of a premetastatic niche and allows tumor cell homing into skeletal tissues \[[@B87-ijms-21-04449]\].

Angiogenic roles of TGFβ have also been reported. Zhang et al. \[[@B95-ijms-21-04449]\] showed how TGFβ modulates prostate tumor growth and angiogenesis via its regulatory actions on CXCL8 expression levels. Blocking TGFβ signaling, by overexpressing a dominant negative TGFβ type II receptor, decreased intratumor vascular staining and prostate cell metastasis \[[@B95-ijms-21-04449]\]. Similarly, tumors treated with TGFβ inhibitors were found to exhibit diminished tumor size, blood vessel formation, and microvesicle density \[[@B96-ijms-21-04449]\].

3.3. Cytokines and Homing to Metastatic Sites {#sec3dot3-ijms-21-04449}
---------------------------------------------

CTCs that survive the unfavorable circulation conditions must extravasate and re-establish in the secondary site. For this process to occur, CTCs initially get arrested and adhere to activated endothelial cells before migrating into the metastatic sites, or they may form emboli that rupture blood vessels to penetrate into secondary metastatic sites. It is now known that primary tumors selectively and aggressively modify future metastatic seeding sites, even before CTCs travel occurs \[[@B97-ijms-21-04449]\]. For example, the preference of prostate cancer cells for adhesion to bone marrow endothelium has been suggested as being responsible for the high affinity of prostate cancer metastasis to bone tissues \[[@B98-ijms-21-04449],[@B99-ijms-21-04449]\]. The formation of the premetastatic niche and the establishment of metastasis is driven by the actions of soluble factors and extracellular vesicles released by tumor cells, and these encourage remodeling of distant metastatic sites \[[@B97-ijms-21-04449],[@B100-ijms-21-04449]\]. In prostate cancer, however, little is known about the exact process of formation of the premetastatic niche \[[@B97-ijms-21-04449]\]. Indeed, the cross talk between tumor cells and metastatic microenvironment remains an important element required for promotion of metastasis, with this process involving the activation of multiple signaling pathways and transcriptional processes \[[@B101-ijms-21-04449]\].

Bone tissues constitute the main site of metastasis of prostate tumors. Cytokines such as IL-6, VEGF, CXCL12, CCL2, RANKL, and TGFβ have found essential roles in the creation of premetastatic niche, endothelial attachment of CTCs, promotion of extravasation, remodeling of microenvironment, and establishment of viable macrometastases \[[@B102-ijms-21-04449],[@B103-ijms-21-04449]\]. It is important to note that not all extravasated CTCs survive the new tissue microenvironment. Often times, many undergo a state of dormancy, while others remain as nonviable micrometastases \[[@B104-ijms-21-04449],[@B105-ijms-21-04449]\]. The ability of initially formed micrometastases to progress into macrometastases requires neovascularization of the newly formed metastases; and this is often driven by VEGF secretion, which induces vascularization and nutrient supply \[[@B106-ijms-21-04449]\]. Similarly, VEGFR-1-positive bone marrow progenitors have been reported as being involved in initiation of tumor premetastatic niche formation \[[@B107-ijms-21-04449]\]. Indeed, activation of the VEGF/VEGFR axis is key for establishment of tumor metastasis.

Another important cytokine that promotes CTCs homing is CXCL12, and the enhanced activation of the CXCL12/CXCR4 axis has been linked with prostate cancer metastasis. CXCL12 is a homeostatic chemokine secreted by stromal cells in the bone marrow (including osteoblast) and high expression of CXCL12 is observed in metastatic tissues of prostate cancer \[[@B103-ijms-21-04449]\]. Prostate cancer cells express high levels of CXCR4, which via a concentration gradient migrate by chemotaxis towards the high CXCL12 expressing bone tissues \[[@B108-ijms-21-04449],[@B109-ijms-21-04449]\]. Using a metastatic mouse model, e.g., Shiozawa et al. \[[@B110-ijms-21-04449]\] reported how prostate cancer cells home to bone tissues by targeting the hematopoietic stem cell niche. Furthermore, the decreased secretion of CXCL12 by annexin knockout bone marrow stromal cells was reported as significantly reducing prostate cancer cell migration and binding \[[@B111-ijms-21-04449]\]. CXCL12 may also be involved in arrest of CTCs to endothelial cells as prostate cancer cells activation by CXCL12 promoted upregulation of cell surface adhesion molecules and enhanced bone metastasis \[[@B112-ijms-21-04449]\].

Finally, within the bone metastatic microenvironment, osteoblastogenesis, and bone resorption are key remodeling processes that occur, as prostate tumors establish themselves in the secondary site. Interestingly, IL-6, CXCL12, RANKL, CCL2, and TGFβ secreted by both tumor and bone stromal cells are well-studied cytokines that have been implicated in induction of this process \[[@B113-ijms-21-04449],[@B114-ijms-21-04449],[@B115-ijms-21-04449],[@B116-ijms-21-04449]\]. Festuccia et al. \[[@B117-ijms-21-04449]\] revealed how PC3 cell invasiveness was enhanced following its treatment with osteoblast-derived conditioned media that was found to contain high amounts of TGFβ. In assessing the role of the RANKL/RANK axis in prostate metastasis, it was found that prostate cells release soluble factors that induce increased RANKL expression, proliferation of pre-osteoblast cells, and promoted metastasis \[[@B118-ijms-21-04449]\]. Furthermore, Zhang et al. \[[@B119-ijms-21-04449]\] also established the induction of osteoclastogenesis by prostate cancer cells in a metastatic mouse model by treating animals with the decoy receptor, osteoprotegerin.

In general, the various stages of prostate cancer metastasis that cytokines and chemokines exert functional roles are herein presented in [Table 1](#ijms-21-04449-t001){ref-type="table"}.

4. Cytokines Involved in Prostate Cancer Metastasis {#sec4-ijms-21-04449}
===================================================

4.1. TGFβ {#sec4dot1-ijms-21-04449}
---------

TGFβ is known to possess dual functionality in tumorigenesis: acting both as a tumor suppressor during the earlier stages of cancer and as a tumor promoter in more advanced and metastatic stages \[[@B169-ijms-21-04449]\]. TGFβ has been implicated in various stages of the prostate cancer metastasis process; chiefly in EMT, primary tumor remodeling, angiogenesis, and re-establishment of tumors in the metastatic site \[[@B169-ijms-21-04449],[@B170-ijms-21-04449],[@B171-ijms-21-04449]\]. TGFβ can be secreted either by host immune cells or by prostate cancer cells. TGFβ induces the transformation of the extracellular environment to become prometastatic via a complex interplay of exchanges of tumor cells with both stromal and extracellular matrix \[[@B172-ijms-21-04449]\]. TGFβ binds to its serine-threonine kinase receptors type I and type II, while its signaling is mediated via canonical SMAD- and non-SMAD-dependent pathways. TGFβ promotes EMT by inducing ZEB and SNAIL protein expression, which represses E-cadherin levels while increasing the expression of N-cadherin and vimentin \[[@B173-ijms-21-04449],[@B174-ijms-21-04449]\]. This results in a more enhanced metastatic phenotype.

Tumors and serum of prostate cancer patients have been reported to possess high amounts of TGFβ, which has been found to correlate with a more aggressive and metastatic disease \[[@B175-ijms-21-04449]\]. Enhanced production of TGFβ1 and decreased TGFβ type II receptor expression constitute poor prognosis factors due to raised metastatic and angiogenic potential in prostate cancer \[[@B176-ijms-21-04449]\]. Similarly in bone metastasis, there is enhanced activation of TGFβ signaling \[[@B173-ijms-21-04449]\]. TGFβ promotes cell--cell changes and integrin-ECM remodeling, as well as causes rearrangement of the cytoskeleton structure of tumor cells to facilitate increased motility \[[@B177-ijms-21-04449]\]. The prometastatic effect of this cytokine has been established in numerous studies wherein various downstream mediators of this pathway have been assessed. As reported by Hansen et al. \[[@B178-ijms-21-04449]\], the expression and shedding of the cell adhesion molecules, ALCAM, is increased through TGFβ signaling in metastatic prostate cancer cells. As described in their study, diminishing ALCAM expression in the bone metastatic PC3 cells corresponded to decreased tumor growth and metastasis \[[@B178-ijms-21-04449]\]. Elevated levels of a member of the TGFβ superfamily, Activin A, has also been linked with prostate cancer metastasis \[[@B123-ijms-21-04449]\].

Loss of the TGFβ signaling has also been shown to be an augmenting factor that hastens metastasis of prostate cancer. Using a transgenic SV 40 T-antigen-driven mouse prostate model with a dominant negative TβRII mutant receptor, it was reported that disruption of the TGFβ signaling promoted prostate cancer metastasis to the lymph node, lungs, and liver \[[@B179-ijms-21-04449]\]. The presence of a defective dominant negative TGFβRII receptor in a TRAMP mouse model was found to induce EMT thereby producing a more mesenchyma phenotype and enhanced prostate malignancy \[[@B120-ijms-21-04449]\]. Similarly in a PTEN-null mouse model, genetic depletion of Smad4 resulted in emergence of more invasive and metastatic prostate cancer when compared to tumors from normal PTEN-null animals that possessed enhanced TGFβ/BMP-Smad4 pathway activation \[[@B180-ijms-21-04449]\]. Furthermore using PC3 and DU-145 cells, it was reported that the delivery of TGFβ-targeted oncolytic adenoviruses inhibited bone metastasis in a prostate cancer mouse model \[[@B124-ijms-21-04449]\]. Using PacMetUT1 cells, suppression of TGFβ signaling via shRNA knockdown of TGFβ1 or usage of inhibitors in a metastatic nude mouse model further revealed how TGFβ impacts osteoblastic metastasis of prostate cancer \[[@B181-ijms-21-04449]\]. Interestingly, the antimetastatic actions of various compounds are capable of being reversed by TGFβ-induced EMT and its cross talk with MMP upregulation \[[@B121-ijms-21-04449],[@B122-ijms-21-04449]\].

4.2. IL-6 {#sec4dot2-ijms-21-04449}
---------

IL-6 is a pleiotropic pro-inflammatory cytokine which has been shown to be involved in prostate tumorigenesis and with actions mediated via autocrine and paracrine mechanisms. It has been found to play roles in EMT, angiogenesis, and bone remodeling. By binding to its receptor, IL-6R, its actions are elicited by multiple pathways, specifically through the JAK/STAT as well as by Ras/MAPK and PI3K signaling pathways \[[@B182-ijms-21-04449],[@B183-ijms-21-04449],[@B184-ijms-21-04449]\]. Several studies have reported IL-6 as a prognostic factor in prostate cancer, with elevated serum levels found in patients with metastatic disease \[[@B185-ijms-21-04449],[@B186-ijms-21-04449],[@B187-ijms-21-04449]\]. In bone metastatic patients for example, levels of both IL-6 and soluble IL-6 receptor (IL-6-SR) has been found to be increased \[[@B188-ijms-21-04449]\]. In fact, IL-6 has been implicated as a prime contributory element responsible for the development of cachexia in prostate cancer patients \[[@B189-ijms-21-04449]\].

In human prostate cancer cells, the role of IL-6 in promotion of metastasis has been extensively described. Using LNCaP, DU-145, and LAPC4 cell lines, Santer et al. \[[@B190-ijms-21-04449]\] described how the process of metastasis in prostate cells is increased following IL-6 trans-signaling. Similarly, the suppression of IL-6 signaling axis in hormone-resistant TRAMP-C1 cells was shown to decrease EMT transition and tumor aggressiveness \[[@B125-ijms-21-04449]\]. Overexpression of IL-6 and initiating its signal induction in DU-145 and CWR22Rv1 cells enhanced prostate metastasis, whereas the pharmacological inhibition of JAK2, using AZD1480, suppressed IL-6-induced STAT3 signaling pathway and diminished end-organ metastasis \[[@B126-ijms-21-04449]\].

IL-6 expression has been implicated as one of the main cytokines involved in creating a favorable niche, via bone remodeling, for re-establishment of tumor cells into the metastatic site. One of the mechanisms by which IL-6 alters the bone metastatic microenvironment is by JAK/STAT-mediated promotion of osteoblastic cell differentiation towards a mature phenotype \[[@B128-ijms-21-04449]\]. Morrissey et al. \[[@B191-ijms-21-04449]\] reported that soluble IL-6R was required for IL-6 inhibition of osteoblast-like MC3T3-E1 cell mineralization and that PC3-conditioned media induced osteoclastogenesis-related factors. PC3-conditioned media, found to contain high amounts of IL-6 and IL8 was reported to induce human blood CD11b+ cells osteoclastic differentiation and bone resorption \[[@B129-ijms-21-04449]\]. Using a bone metastatic mouse model, the suppression of IL-6 expression in human PC-3MM2 cells, along with clodronate liposome treatment resulted in decreased tumor size, osteoclast formation, and lowered lymph node metastasis when compared to control animals \[[@B127-ijms-21-04449]\].

Challenging the present dogma of IL-6 role in promotion of prostate cancer metastasis is a recent study. Using PTEN-deficient prostate cancer mouse model, the authors reported enhanced metastasis due to STAT3 inactivation and showed its alteration of the ARF-Mdm2-p53 axis \[[@B192-ijms-21-04449]\]. Increased occurrence of prostate cancer metastasis was also shown to be present in patients with co-deletion of STAT3 and CDKN2A \[[@B192-ijms-21-04449]\]. IL-6 secreted by endothelial cells within the prostate TME are also capable of promoting tumor invasiveness and metastasis via MMP9 activation by causing tumor remodeling \[[@B193-ijms-21-04449]\].

4.3. CCL2 {#sec4dot3-ijms-21-04449}
---------

CCL2, also known as monocyte chemoattractant protein 1 (MCP-1), belongs to the CC family of chemokines and is a ligand for CCR2. It is a well-known chemoattractant that has been found to be involved in the metastasis of various cancer types. It is expressed by endothelial cells, stromal cells, bone marrow osteoblast as well as by tumor cells \[[@B194-ijms-21-04449],[@B195-ijms-21-04449]\]. Prostate cancer cells express higher amounts of CCL2, exhibiting both autocrine and paracrine functions \[[@B196-ijms-21-04449]\]. Izhak et al. \[[@B197-ijms-21-04449]\] revealed in their study that it is the predominantly expressed chemokine within primary tumors of prostate cancer patients and its production ultimately triggers a collapse of immunological tolerance to CCL2.

Tumor associated bone lesions are predominantly osteoblastic in nature, although osteolytic bone resorption may be present. In prostate cancer, CCL2 has been implicated as one of the main cytokines involved in tumor cell re-establishment in the bone marrow. The osteoclastogenesis potential of CCL2 is shown in a study wherein the levels of CCL2 expression in osteoblasts and endothelial cells were enhanced upon PC3 or VCaP cells inoculation into mice, with CCL2 promoting bone metastasis while also indirectly enhancing angiogenesis \[[@B133-ijms-21-04449]\]. An in-vivo metastasis study in which CCL2 was overexpressed in PC3-luc cells demonstrated how CCL2 affects prostate cancer bone metastasis. PC3-luc tumors exhibiting elevated CCL2 expression manifested increased cancer growth and greater number of functional osteoclasts \[[@B134-ijms-21-04449]\]. In another study to determine the role of CCL2/CCR2 axis in growth of prostate cancer in the bone, knocking down CCR2 abrogated tumor invasiveness \[[@B130-ijms-21-04449]\]. Furthermore, in-vitro osteoclast formation and in vivo tumor volume were diminished upon transfecting prostate cancer cells with shRNA against CCL2 \[[@B130-ijms-21-04449]\]. Loberg et al. \[[@B131-ijms-21-04449]\] revealed the high secretion of CCL2 by human bone marrow endothelial (HBME) cells and their ability to chemoattract as well as induce metastasis of prostate cancer cells, via an AKT-dependent signaling mechanism, into the bone microenvironment. Again, the development of prostate cancer cells was found to be promoted through PTHrP-induced CCL2 production by osteoblasts and HBME cells \[[@B198-ijms-21-04449]\]. The inhibition of CCL2 activity with neutralizing antibodies in an in-vivo model of prostate cancer metastasis decreased overall tumor burden \[[@B132-ijms-21-04449]\].

In examining the role of CCL2 in modulating cell adhesion molecules, vis-à-vis their migratory potential, Lin et al. \[[@B135-ijms-21-04449]\] showed that treatment of prostate cancer cells with CCL2 induced expression of αvβ3 integrin and inhibition of the CCL2-CCR2 signaling pathway decreased migration.

4.4. CXCL12/SDF-1α {#sec4dot4-ijms-21-04449}
------------------

CXCL12, also known as stromal-derived factor-1 (SDF-1α), is a member of the CXC family of chemokines that binds to CXCR4 and CXCR7 \[[@B199-ijms-21-04449]\]. Expression of CXCL12 and CXCR4 are increased in prostate cancer, with high CXCR4 expression being an indicator for bone metastasis \[[@B109-ijms-21-04449],[@B200-ijms-21-04449],[@B201-ijms-21-04449]\]. It is also secreted by stromal and endothelial cells. Taichman et al. \[[@B108-ijms-21-04449]\] revealed that prostate cancer cell lines with metastatic origin from the bone tested positive for CXCR4 expression. Although the complete CXCL12/CXCR4-mediated molecular mechanisms through which prostate cancer cells re-establish themselves to the bone are still subject to further investigations, several probable mechanisms have, however, been proposed. Indeed, CXCL12 plays important roles in prostate tumor cell homing, re-establishment, and proliferation in metastatic sites through their modulatory effects on tumor adhesiveness and migration \[[@B202-ijms-21-04449]\].

In a study to assess the role of the CXCL12/CXCR4 axis in prostate cancer migration and tumor invasiveness, it was reported that CXCL12 activation of prostate cancer cell lines, PC3 and LNCaP, increased their migratory potential via the upregulated expression of several metalloproteinases (MMPs) \[[@B203-ijms-21-04449]\]. Similar findings were reported by Chinni et al. \[[@B204-ijms-21-04449]\] who described enhanced migration and MMP9 secretion following exogenous CXCL12 stimulation of prostate cancer cells from bone tissue-derived conditioned media. Pharmacological blockage of the PI3K and MAP kinase pathways diminished this effect \[[@B204-ijms-21-04449]\]. Immunohistochemical analysis of 148 prostatectomy patients revealed a correlation between CXCL12, VEGF, and MMP9 expression patterns and the appearance of lymph node metastatic carcinoma \[[@B205-ijms-21-04449]\]. The study, therefore, concluded that CXCL12 expression level served as a predictor of prognosis for patients undergoing radical prostatectomy \[[@B205-ijms-21-04449]\]. Another interesting study evaluating the regulatory role of CXCR4 in a mouse model of metastasis revealed decreased bone metastasis and VEGF and MMP9 expression, following knockdown of CXCR4 in PC3 cells \[[@B141-ijms-21-04449]\].

The high levels of CXCL12 expressed in the bone microenvironment are indicative of its high affinity to home disseminating metastatic cell \[[@B139-ijms-21-04449]\]. In fact, CXCL12 has been implicated in enhancement of prostate cancer cell metastasis to the bone. Stimulation by CXCL12 was found to promote prostate tumor migration across monolayers of bone marrow endothelial cells, increase invasion through basement membranes, as well as adhesiveness towards osteosarcomas \[[@B108-ijms-21-04449]\]. The specific blockade of the CXCL12/CXCR4 axis in prostate cancer cells using hTERT promoter induced knockdown of CXCR4 decreased bone metastasis \[[@B201-ijms-21-04449]\]. In another instance, a metastasis study in nude mice revealed a correlation between CXCL12 expression level and the organs of appearance of metastatic lesions \[[@B140-ijms-21-04449]\]. Elevated CXCL12 as well as increased tumor metastasis were detected in skeletal tissues, whereas subsequent treatment with CXCR4 antibody decreased tumor spread \[[@B140-ijms-21-04449]\].

Indeed, the CXCL12/CXCR4 axis has been shown to promote metastasis via modulation of cell adhesion molecule expression and integrin adhesiveness. In a recently reported study, CXCL12 stimulation increased the adhesiveness of the bone-derived metastatic cell lines (PC3 and C4-2B) to HBME cells via enhanced expression and activation of αvβ3 integrin receptors \[[@B142-ijms-21-04449]\]. Despite the low levels of endogenous CXCR4 expression in LNCaP and DU-145 cells, it was found that CXCL12 facilitated increased adhesion of these prostate cancer cells to monolayers of endothelial cells and immobilized matrix through enhanced expression of α5 and β3 integrins \[[@B143-ijms-21-04449]\]. Similar studies have also reported how upregulated α2β1 expression promotes prostate cancer bone metastasis \[[@B144-ijms-21-04449],[@B145-ijms-21-04449]\].

The CXCL12/CXCR4 axis is also involved in enhancing angiogenesis in the tumor environment, and therefore, metastasis \[[@B136-ijms-21-04449]\]. Prostate cancer cell lines overexpressing CXCR4 exhibited increased angiogenesis, characterized by enhanced microvascular density and functionality, as well as elevated metastasis to distant organs in a NOD/SCID mice xenograft model \[[@B137-ijms-21-04449]\]. Inhibiting this effect by usage of a neutralizing antibody against CXCR4 diminished tumor size and intratumor blood vessel formation \[[@B137-ijms-21-04449]\]. Similarly, blocking CXCR4 actions with an antagonist (CTCE-9908) in PC3-Bcl-2 cells in a xenograft model exhibited a decreased tumor size, which was associated with suppressed VEGF expression, angiogenesis, and lymphangiogenesis in the tumor microenvironment \[[@B138-ijms-21-04449]\]. Apart from these, the enhanced activation of the CXCL12/CXCR4 axis in metastatic sites instituted an angiogenic switch and promoted prostate tumor metastasis that is mediated by a decreased expression of the glycolytic phosphoglycerate kinase 1 (PGK1) enzyme \[[@B206-ijms-21-04449]\].

Furthermore, the role of CXCL12 in mediating stemness and neuroendocrine phenotypes to promote metastasis has recently been reported. Indeed, the overexpression of CXCL12γ promoted tumor metastasis and resistance to chemotherapy by inducing the transformation of human prostate cancer cells to a more cancer stem cell and neuroendocrine phenotype \[[@B207-ijms-21-04449]\]. Blocking the CXCL12/CXCR4 axis via usage of a CXCR4 receptor antagonist (AMD3100) or antibody in prostate cancer cells, however, decreased tumor size and the population of progenitor cells \[[@B208-ijms-21-04449]\].

Apart from all these, the involvement of the CXCL12/CXCR7 axis in metastasis of prostate cancer has also been documented in literature. Increased levels of expression of the atypical CXCR7 receptor is observed as prostate tumor progresses and becomes more aggressive, and higher levels of expression are also found in prostate cancer cell lines when compared to normal cells \[[@B209-ijms-21-04449],[@B210-ijms-21-04449],[@B211-ijms-21-04449]\]. In evaluating the role of the CXCL12/CXCR7 axis in prostate cancer metastasis, Wang et al. \[[@B209-ijms-21-04449]\], for example, described how overexpression of CXCR7 in human prostate cancer cell lines enhanced in vivo tumor growth and promoted metastasis via increased release of angiogenic cytokines, such as CXCL8 and VEGF. In another instance, migration and invasion was shown to be decreased following suppression of the CXCL12/CXCR7 axis in cell lines derived from an obesity-driven mouse model of Hi-Myc prostate cancer \[[@B212-ijms-21-04449]\]. Indeed, knocking down CXCR7 in enzalutamide-resistant prostate cancer cells resulted in diminished invasiveness and tumor growth \[[@B211-ijms-21-04449]\]. A similar phenomena was described by Luo et al. \[[@B213-ijms-21-04449]\] wherein co-treatment of enzalutamide and a CXCR7 inhibitor significantly decreased migration, VEGF secretion, and tumor growth in castration-resistant C4-2B and VCaP cells.

4.5. RANKL {#sec4dot5-ijms-21-04449}
----------

Receptor activator of NF-κB ligand (RANKL) is a member of the TNF family of cytokines. It has been extensively implicated for its role in remodeling of the bone microenvironment, with the RANKL/RANK/OPG axis actively involved in osteoclastogenesis and bone resorption within the skeletal system \[[@B149-ijms-21-04449],[@B152-ijms-21-04449],[@B214-ijms-21-04449],[@B215-ijms-21-04449]\]. Interaction of RANKL with RANK initiates intracellular recruitment of TNF receptor-associated factors (TRAFs) as well as other adaptor proteins and ultimately leads to the activation of the MAPK, PI3K, and NFκB pathways \[[@B216-ijms-21-04449]\]. RANKL exists either as a membrane-bound or soluble protein and is produced by bone marrow stromal, osteoblast, as well as T cells \[[@B217-ijms-21-04449]\]. RANK on the other hand is expressed by diverse cells including tumor cells, immune cells, and osteoclast \[[@B149-ijms-21-04449],[@B214-ijms-21-04449]\]. Penno et al. \[[@B218-ijms-21-04449]\] reported surface membrane expression of RANKL in a number of prostate cancer cell lines, including PC3, LNCaP, DU-145, and whose expression was increased following their co-culture with human osteoblast-like cells (hoB).

RANKL is known to be involved in metastasis of various forms of cancer, including prostate cancer, to the bone. The suggestion of a correlation existing between the RANKL/RANK/OPG axis and metastatic prostate carcinoma was reported by Chen et al. \[[@B149-ijms-21-04449]\], who described high expression of RANKL and its receptor (RANK) in metastatic cancer, with attendant higher prevalence of these proteins in bone metastasis as compared to lymph node. Christoph et al. \[[@B150-ijms-21-04449]\] corroborated this finding using tissues obtained from radical prostatectomy patient and showed higher gene transcription of RANKL and RANK in those with bone metastasis. PC3 and DU-145 prostate cancer cell lines also express functionally active RANK receptor that induced phosphorylation of ERK1/2 and p38 upon agonist stimulation \[[@B118-ijms-21-04449]\]. In addition, RANK-mediated activation of IκB kinase α (IKKα) inhibits maspin, a tumor suppressor, to promote prostate tumorigenesis, and the loss of function mutation of the IKKα gene in a TRAMP mouse model suppressed distant organ metastasis \[[@B151-ijms-21-04449]\].

In-vitro activation of the RANKL/RANK pathway promoted increased metastatic potential and MMP-1 expression of the prostate cancer PC3 cell line, with an interesting decreased presence of osteoclastogenesis and osteolytic lesions following MMP-1 knockdown in a mouse model of metastasis \[[@B153-ijms-21-04449]\]. Furthermore, Morrissey et al. \[[@B152-ijms-21-04449]\] defined how the host-derived, and not tumor cell-derived, RANKL cytokine facilitates prostate tumor establishment and osteolysis within the bone by treating tumor-bearing animals with a human neutralizing antibody against tumor-secreted RANKL. A similar study in SCID mice, in which intratibially injected PC3 cells were used, demonstrated how the presence of malignancy enhanced levels of RANKL expression. Treatment of animals with a RANKL antagonist subsequently diminished tumor formation and bone lesion \[[@B148-ijms-21-04449]\]. Other studies have also provided similar conclusions. For example, co-treatment of RANKL inhibitor osteoprotegerin (OPG) and docetaxel was found to significantly decrease tumor burden and osteolytic lesions in a murine model of prostate cancer bone metastasis \[[@B219-ijms-21-04449]\], whereas sole treatment with OPG was reported to diminish the proportion of RANKL-positive osteoblasts and bone metastasis following castration of mice \[[@B220-ijms-21-04449]\]. It may, therefore, be inferred that RANKL produced within the host metastatic sites are sufficient to initiate osteogenic changes and promote metastasis of tumor cells.

RANKL has also been shown to be involved in the reprogramming of tumor cells and EMT. In evaluating the involvement of RANKL in EMT, Odero-Marah et al. \[[@B146-ijms-21-04449]\] identified a functionally active RANKL protein that was upregulated in the highly tumorigenic ARCaP cell line and which exhibited greater mesenchyme phenotype, osteoclastogenesis, and bone spread, when compared to normal ARCaP cells. In a different study, the stimulation of the RANKL/RANK or c-Met pathway was found to promote activation of transcription factors related to stem cell-like properties, neuroendocrine differentiation, osteomimicry, and EMT in prostate cancer cells \[[@B147-ijms-21-04449]\]. Apart from this, it was also revealed in the same study that metastatic RANKL-expressing LNCaP cells had the ability to reprogram and transform naïve LNCaP cells to elicit a metastatic phenotype, when co-injected in a metastatic mouse model system \[[@B147-ijms-21-04449]\].

4.6. CXCL8/IL-8 {#sec4dot6-ijms-21-04449}
---------------

CXCL8 is an ELR-positive pro-inflammatory protein that belongs to the CXC family of chemokines and binds to two homologous GPCRs known as CXCR1 and CXCR2 \[[@B221-ijms-21-04449]\]. Elevated CXCL8 expression is observed in prostate cancer tissues compared with paired normal controls, as well as in prostate cancer cell lines, and its activation enhances their migratory and invasive potential \[[@B222-ijms-21-04449]\]. Lehrer et al. \[[@B223-ijms-21-04449]\] revealed significantly increased serum CXCL8 production in prostate cancer patients with bone metastasis. Increased CXCL8 expression, with attendant MMP9 expression was observed in the more metastatic PC3 and DU-145 cells relative to the less metastatic LNCaP cell line \[[@B88-ijms-21-04449]\]. Similarly, Murphy et al. \[[@B224-ijms-21-04449]\] reported the correlation of CXCL8, CXCR1, and CXCR2 expression in prostate cancer with advancing disease stage and its ability in promotion angiogenesis.

CXCL8 effects on prostate cancer metastasis are mediated mainly via its proangiogenic ability within tumors as well as its influence on EMT and these have been documented by various studies. For example, CXCL8 expression was previously shown in an in vivo study to correlate with increased angiogenesis, tumor development, and metastasis in human prostate cancer cells \[[@B155-ijms-21-04449]\]. There appears to be a positive correlation between transcriptional expression of angiogenic factors (including CXCL8) and metastatic prostate cancer \[[@B88-ijms-21-04449]\]. Inoue et al. \[[@B156-ijms-21-04449]\] described how CXCL8 overexpression in human PC3 cells in an orthotopic nude mouse model enhanced tumor growth, angiogenesis, and metastasis via upregulated MMP9 expression and collagenase activity. Tumors from CXCL8 overexpressing LNCaP cells exhibited increased tumor size, vasculature, and microvessel formation when compared to control cells, with CXCL8 overexpressing LNCaP cells also exhibiting enhanced invasiveness and MMP9 expression \[[@B225-ijms-21-04449]\]. Indeed, CXCL8 activation is capable of transactivating the VEGFR2 receptor to induce endothelial permeability and thereby promote angiogenesis \[[@B157-ijms-21-04449]\].

The CXCL8 signaling pathway has similarly been implicated in AR expression and regulation. In one instance, increased CXCL8 expression has been linked with markedly diminished AR levels and the generation of a more aggressive disease in both primary as well as metastatic prostate cancer \[[@B226-ijms-21-04449]\]. In prostate cancer cell lines, distant metastases and PDX lines, detectable levels of CXCL8 have been observed \[[@B226-ijms-21-04449]\]. Apart from these, recent studies have been focused on evaluation of the role of the CXCL8/CXCR2 axis in NE phenotypes and cells vis-a-vis metastasis. This is because neuroendocrine cells have found new relevance in development of metastatic and drug-resistant prostate cancer. In small cell prostate cancer, for instance, NE cells are highly metastatic and resistant to treatment \[[@B227-ijms-21-04449]\]. In a recent study, Li et al. \[[@B154-ijms-21-04449]\] reported how CXCR2 expression is associated with prostate cancer progression and tumor grade and described how its blockade may serve as a viable approach to overcome the challenges of treating advanced therapy-resistant and metastatic prostate cancers. The study further revealed NE cells as being positive for CXCR2 and CXCL8 expression and alluded to their involvement in EM remodeling, angiogenesis, and invasion. NE phenotype causes cellular switch to a form that exhibits high enrichment for gene sets of EMT, tumorigenesis, angiogenesis, and stem cell markers \[[@B154-ijms-21-04449]\].

CXCL8 can also induce osteoclastogenesis and bone resorption. Lu et al. \[[@B228-ijms-21-04449]\] revealed how human bone marrow mononuclear cells (HBMC) were differentiated to osteoclast-like cells following stimulation by CXCL8, obtained from PC3-conditioned medium. IL8 stimulation in the absence of RANKL also induced dental slices bone resorption \[[@B228-ijms-21-04449]\].

4.7. CX3CL1 {#sec4dot7-ijms-21-04449}
-----------

Endothelial cells and osteoblasts are known to express CX3CL1 (fractalkine) as a transmembrane protein. Therefore, cells that express its receptor, CX3CR1, are able to adhere to endothelial cells and extravasate to metastatic sites. CX3CL1 has been reported to promote metastasis of different tumor types \[[@B229-ijms-21-04449],[@B230-ijms-21-04449],[@B231-ijms-21-04449]\], and CX3CR1 has been found to be overexpressed in prostate cancer tissues with spinal metastasis \[[@B232-ijms-21-04449]\]. The actions of the CX3CL1/CX3CR1 axis in prostate tumor metastasis are mediated via induction of EMT and promotion of cell migration.

Human prostate tumors express CX3CR1, which facilitates their adhesion to bone marrow CX3CL1-expressing endothelial cells as well as osteoblasts, and triggers PI3K/AKT pathway activation \[[@B233-ijms-21-04449]\]. Furthermore, Jamieson et al. \[[@B234-ijms-21-04449]\] reported increased levels of CX3CR1 expression in malignant prostate tissues and the presence of a soluble form of fractalkine in bone marrow supernatants. This soluble form can be cleaved off from bone cell membranes, and not bone marrow endothelial cells, in an androgen-dependent manner \[[@B234-ijms-21-04449]\]. The ability of CX3CL1 to induce enhanced invasiveness and EMT was recently reported. Tang et al. \[[@B76-ijms-21-04449]\] in their study described how CX3CL1 induced EMT and promoted tumor cell migration and invasion in the PC3 and DU-145 prostate cancer cell lines.

4.8. VEGF {#sec4dot8-ijms-21-04449}
---------

Numerous studies have evaluated the involvement of VEGF in the various transitional stages of prostate cancer spread to end-organs, chiefly the bone. VEGF expression is raised in prostate cancer cells, relative to benign prostatic hyperplasia (BPH) and normal tissues \[[@B235-ijms-21-04449]\]. Similar observation was reported in a retrospective study conducted by Green et al. \[[@B236-ijms-21-04449]\], in which elevated VEGF levels was found to be correlated with disease prognosis. Prostate tumor cells express VEGF and its receptors (VEGFRs), and the increased migration of metastatic cells was reported to be regulated by the VEGF/VEGFR-2 axis \[[@B237-ijms-21-04449]\]. Other studies have equally shown how plasma serum levels of VEGF are increased in prostate cancer \[[@B238-ijms-21-04449]\], with metastatic patients exhibiting higher production levels \[[@B239-ijms-21-04449]\].

VEGF typically exerts its tumor microvasculature remodeling action by stimulating the growth and proliferation of endothelial cells as well as altering the permeability of blood vessels. The consequence of these is increased tumor cell invasiveness and enhanced potential to metastasize. Indeed, the neovascularization and tumor proliferation observed in prostate cancer is induced via the activation of the VEGF/VEGFR axis, and this is facilitated either through autocrine or paracrine mechanisms \[[@B240-ijms-21-04449]\]. For example, in a recent study by Montecinos et al. \[[@B158-ijms-21-04449]\], a surge in AR-induced VEGF expression was shown to precede increased angiogenesis of human vasculature in a nude mice xenograft of implanted human prostate tissues. Using orthotopic and metastatic prostate cancer mouse models, inhibition of the VEGF/VEGFR axis by an antibody (DC101) against the VEGF receptor, flk-1, reduced tumor-induced angiogenesis and suppressed metastasis, and this was associated with diminished MMP9 production by endothelial cells \[[@B159-ijms-21-04449]\]. Furthermore, VEGF pathway activation was found to enhance migration of the metastatic LNCaP-C4-2 cell line to stimulation by fibronectin and bone sialoprotein \[[@B237-ijms-21-04449]\]. Treatment with the VEGF inhibitor, Bevacizumab, suppressed metastatic C4-2B prostate cancer cell angiogenesis and invasion in an in-vitro experiment \[[@B241-ijms-21-04449]\].

VEGF has also been shown to induce osteoblastic activity in bone tissues \[[@B160-ijms-21-04449],[@B161-ijms-21-04449]\]. Within bone microenvironment, the VEGF/VEGFR axis is involved in creation of the premetastatic niche, remodeling of the bone, and its recognition by the metastatic tumor cells \[[@B87-ijms-21-04449],[@B107-ijms-21-04449]\]. In a metastatic mice model, treatment of animal with a VEGFR inhibitor (PTK787) following an intratibial injection of C4-2B cells was found to result in diminished tumor burden and bone mineral density as well as altered bone lesions when compared to control mice \[[@B161-ijms-21-04449]\]. Indeed Dai et al. \[[@B160-ijms-21-04449]\] described how osteoblastogenesis, induced by bone morphogenetic protein (BMP), is mediated through the VEGF/VEGFR axis to promote prostate cancer metastasis. Equally important is how VEGF stimulation modulates the expression of cell adhesion molecules as tumor cells transit into metastatic sites. As described by De et al. \[[@B162-ijms-21-04449]\], the VEGF/VEGFR axis via an autocrine loop activates αvβ3 and αvβ5 integrins on prostate cancer cells, which allows the tumor cells to migrate into bone tissues in a SPARC animal model. The resultant effect of this is further upregulation of VEGF expression within the bone nexus and vascular angiogenesis to promote tumor metastasis \[[@B162-ijms-21-04449]\]. This study also reported the co-localization of VEGFR-2 with activated integrins in metastatic prostate tumor tissues \[[@B162-ijms-21-04449]\]. VEGF may also exert suppressive actions on the immune cells \[[@B242-ijms-21-04449]\].

4.9. IL-1 {#sec4dot9-ijms-21-04449}
---------

IL-1 is a cytokine involved in immunity and inflammation. IL-1β is upregulated in prostate cancer, and its expression correlates with Gleason scores ≥ 7 \[[@B243-ijms-21-04449]\]. Using a mouse model, Liu et al. \[[@B243-ijms-21-04449]\] showed the ability of nonmetastatic cancer cells to grow in bone lesions when IL-1β is overexpressed, while its knockdown in highly metastatic cells resulted in diminished growth within the bone. In fact, IL-1β was described as promoting a neuroendocrine phenotype, as its expression inversely correlates with AR levels \[[@B243-ijms-21-04449],[@B244-ijms-21-04449]\]. This was further confirmed by Thomas-Jardin et al. \[[@B245-ijms-21-04449]\], who reported IL-1 reprogramming of AR-positive prostate cancer cells to exhibit AR-negative phenotype through its suppression of AR mediated genes. IL-1 has also been implicated in bone osteoclastogenesis promotion. Using a SCID mice metastasis model of prostate cancer, IL-1 was revealed as one of the cytokines associated with osteoclastogenesis and with attendant metastasis promotion ability \[[@B163-ijms-21-04449]\].

4.10. CXCL1 {#sec4dot10-ijms-21-04449}
-----------

CXCL1 is upregulated in prostate cancer \[[@B246-ijms-21-04449]\]. It promotes prostate cell EMT, migration, and invasion via AKT/NFκB axis \[[@B164-ijms-21-04449]\]. Lu et al. \[[@B165-ijms-21-04449]\] recently reported how CXCL1 triggers EMT, migration, and prostate tumor progression via the CXCL1-LCN2 paracrine axis. The role of CXCL1 in osteoclast development has also been identified. In metastatic prostate cancer, the maturation of osteoclast is quickened following CXCL1 stimulation, and this action has been shown to be blocked upon treatment with neutralizing antibodies against CXCL1 \[[@B247-ijms-21-04449]\].

4.11. IL-7 {#sec4dot11-ijms-21-04449}
----------

The level of IL-7 expression has been suggested as impacting the rate of survival of patients with prostate cancer, and upregulated expression of both IL-7 and its receptor, IL-7R, have been detected in prostate tumor cells \[[@B248-ijms-21-04449],[@B249-ijms-21-04449]\]. In fact, increased serum levels of IL-7 are observed during the early stage of prostate tumorigenesis, compared to BPH \[[@B250-ijms-21-04449]\]. Inhibition of the IL-7/IL-7R axis decreases prostate cancer cell invasion, migration, as well as MMP3 and MMP7 expression via suppressive effects on both the AKT and NFκB pathways \[[@B249-ijms-21-04449]\]. Seol et al. \[[@B77-ijms-21-04449]\] reported how overexpressing IL-7Rα in PC3 cells, via usage of a lentiviral delivery system, enhanced prostate cancer metastasis to the bone in a murine model of metastasis. Similarly, the activation of the IL-7/IL-7R axis was found to promote tumor cell mesenchyma switch, migration, and invasion in-vitro, thereby showing that IL-7 stimulation can promote EMT and metastasis \[[@B77-ijms-21-04449]\].

4.12. CXCL16 {#sec4dot12-ijms-21-04449}
------------

CXCL16 and its receptor, CXCR6, have been found to possess functional roles in various stages of prostate cancer metastasis including EMT, invasion, and tumor cell homing to secondary sites. Multiple studies have reported increased expression of both CXCL16 and CXCR6 in advanced stages of prostate cancer as well as in metastatic tissues, with expression pattern correlating with Gleason score of patients \[[@B251-ijms-21-04449],[@B252-ijms-21-04449],[@B253-ijms-21-04449],[@B254-ijms-21-04449]\]. Interestingly, patients presenting with significantly enhanced expression of these proteins exhibit poor disease prognosis \[[@B255-ijms-21-04449]\]. As alluded in a recent study, activation of the CXCL16/CXCR6 pathway promoted increased migration and invasion of prostate cancer cells via its ability to induce cytoskeletal protein reorganization through enhanced Ezrin phosphorylation and clustering of αvβ3 integrin structures \[[@B168-ijms-21-04449]\]. Noteworthy is that stimulation of the CXCR6 pathway enhanced prostate tumor cell adhesion to endothelial cells and increased MMP expression \[[@B168-ijms-21-04449]\]. This, therefore, portrays the ability of CXCL16 to promote extravasation of migrating tumor cells. Hu et al. \[[@B167-ijms-21-04449]\] further suggested the modulatory role of the CXCL16/CXCR6 axis in metastasis of prostate cancer to skeletal tissues, as is typically observed with CXCL12, and showed how CXCL16 secreted by bone cells can attract prostate tumors into bone structures. Their study also revealed increased invasion and MMP upregulation, following activation of CXCR6 \[[@B167-ijms-21-04449]\]. Furthermore, the involvement of cancer-associated fibroblasts (CAFs) in tumorigenesis cannot be understated. It is now known that CXCL16 secreted by prostate tumor cells are capable of recruiting mesenchymal stem cells to TME and promoting their transition to become CAFs \[[@B166-ijms-21-04449]\]. The resultant effect of this action is the consequential release of CXCL12 by the CAFs to facilitate metastasis via induction of EMT in the prostate cancer cells \[[@B166-ijms-21-04449]\].

5. Conclusions {#sec5-ijms-21-04449}
==============

Metastatic prostate cancer remains a major healthcare problem and represents the main disease associated cause of death in prostate cancer patients. The bone constitutes the primary site of metastasis; even with the ability of prostate tumors to metastasize to the lymph nodes, lungs, brain, and liver tissue \[[@B15-ijms-21-04449],[@B16-ijms-21-04449],[@B17-ijms-21-04449],[@B18-ijms-21-04449]\]. Although the development of this end-stage of prostate cancer disease involves a convoluted interplay and cross talk between various cells (tumor cells, stromal cells, immune cells, adipocytes, and endothelial cells) and secreted factors (cytokines, chemokines, and growth factors), the modulatory roles of cytokines and chemokines remains highly important in the sequence of events that drive metastasis. In prostate cancer metastasis, it is interesting to note the associated involvement of numerous cytokines and chemokines in the process of ECM remodeling, EMT, angiogenesis, intravasation, premetastatic niche creation, extravasation, establishment, and development of escaped tumor cells as well as remodeling of the metastatic TME. More important is the fact that the advancement of prostate cancer disease and development of metastasis has also been associated with upregulated levels of expression of various cytokines and their receptors, as well as dysregulation of their signaling axis.

During the early phase of metastasis, cytokines such as TGFβ, IL-6, CXCL8, IL-7, CXCL16, and CX3CL1 induce EMT in prostate cancer cells and transforms them to exhibit higher migratory and invasive potentials \[[@B76-ijms-21-04449],[@B77-ijms-21-04449],[@B80-ijms-21-04449],[@B81-ijms-21-04449],[@B122-ijms-21-04449]\]. This is achieved by signal-mediated rearrangement of actin cytoskeleton that promotes migratory protrusion formation in tumor cells and upregulated transcription of genes related to mesenchymal and stemness phenotypes. Moreover, CXCL12, CXCL8, or RANKL released into TME have been found capable of upregulating MMP production and breaking down ECM to induce increased tumor cell invasiveness \[[@B153-ijms-21-04449],[@B156-ijms-21-04449],[@B203-ijms-21-04449],[@B204-ijms-21-04449]\]. Furthermore, metastasis requires the occurrence of the angiogenic switch, wherein vascularization and endothelial proliferation is increased within the tumor. Proangiogenic cytokines such as VEGF, CXCL8, IL-6, TGFβ, and CXCL12 drive this process, although the VEGF/VEGFR axis is the main culprit involved in promotion of angiogenesis \[[@B83-ijms-21-04449],[@B85-ijms-21-04449],[@B89-ijms-21-04449]\]. Increased blood innervation and oxygenation of the TME consequently allows for increased escape of tumor cells into the circulation and transportation to distal organs. This enhanced angiogenesis is also needed for establishment of metastatic cells to secondary sites. Other than these, CCL2 and CXCL12 also play modulatory roles in promoting the expression of adhesion molecules, such as integrins, during metastasis and with a concomitant effect of enhancing arrest of CTCs to endothelial cells before homing. Finally, the involvement of cytokines such as CXCL12, CCL2, RANKL, IL-6, VEGF, and TGFβ in formation of the premetastatic niche, endothelial arrest of CTCs, extravasation, remodeling of the new TME, and establishment of viable macrometastases have been extensively studied \[[@B102-ijms-21-04449],[@B103-ijms-21-04449]\]. For instance, in skeletal tissues, the increased production of CXCL12 during the metastatic process facilitate a concentration gradient-dependent migration of CTCs into the bone microenvironment. Furthermore, other cytokines such as CCL2, RANKL, IL-6, CXCL8, and IL-1 are known to drive osteoclastogenesis and bone resorption: key events observed following prostate tumor metastasis to the bone \[[@B113-ijms-21-04449],[@B114-ijms-21-04449],[@B115-ijms-21-04449],[@B133-ijms-21-04449],[@B219-ijms-21-04449]\].

In summary, the consequences of prostate cancer metastasis remain grave and the process of its development is influenced by a multitude of factors. The presented knowledge in this review, therefore, provides a wealth of understanding about how cytokines and chemokines help drive prostate cancer metastasis. The various cytokine-receptor axes are not only involved in maintenance of normal homeostasis within the human body but their aberrant expression and signaling transduction also, in fact, do constitute key elements driving metastasis of various tumor types, prostate cancer inclusive.
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Androgen deprivation therapy

AR

Androgen receptor

BPH

Benign prostatic hyperplasia

CRPC

Castration-resistant prostate cancer

CTCs

Circulating tumor cells
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Extracellular matrix

EMT

Epithelial-mesenchymal-transition
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G-protein coupled receptors

MET

Mesenchymal-epithelial-transition

MMP

Metalloproteinases

NE

Neuroendocrine
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Osteoprotegerin
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Prostatic intraepithelial neoplasia

RANKL

Receptor activator of nuclear factor kappa B ligand

TGFβ

Transforming growth factor beta

TNF

Tumor necrosis factor

VEGF

Vascular endothelial growth factor

![Schematic showing the process of prostate cancer cell metastasis and the involvement of various cytokines and chemokines along the sequence of event.](ijms-21-04449-g001){#ijms-21-04449-f001}

ijms-21-04449-t001_Table 1

###### 

Cytokines and chemokines involvement in different stages of the metastatic process of prostate cancer.

  Cytokine                                 Receptor                                                                                                            Effects during Prostate Cancer Metastasis                                                                                                 References
  ---------------------------------------- ------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------
  TGFβ                                     TGFβR                                                                                                               EMT                                                                                                                                       \[[@B79-ijms-21-04449],[@B80-ijms-21-04449],[@B120-ijms-21-04449],[@B121-ijms-21-04449],[@B122-ijms-21-04449]\]
  Angiogenesis                             \[[@B95-ijms-21-04449],[@B96-ijms-21-04449]\]                                                                                                                                                                                                                 
  Homing and establishment of metastasis   \[[@B123-ijms-21-04449],[@B124-ijms-21-04449]\]                                                                                                                                                                                                               
  IL-6                                     IL-6R                                                                                                               EMT                                                                                                                                       \[[@B81-ijms-21-04449],[@B125-ijms-21-04449]\]
  Angiogenesis                             \[[@B85-ijms-21-04449]\]                                                                                                                                                                                                                                      
  Homing and establishment of metastasis   \[[@B126-ijms-21-04449],[@B127-ijms-21-04449]\]                                                                                                                                                                                                               
  Remodeling of metastatic site            \[[@B128-ijms-21-04449],[@B129-ijms-21-04449]\]                                                                                                                                                                                                               
  CCL2                                     CCR2                                                                                                                Homing and establishment of metastasis                                                                                                    \[[@B130-ijms-21-04449],[@B131-ijms-21-04449],[@B132-ijms-21-04449]\]
  Remodeling of metastatic site            \[[@B133-ijms-21-04449],[@B134-ijms-21-04449]\]                                                                                                                                                                                                               
  Regulation of Integrin expression        \[[@B135-ijms-21-04449]\]                                                                                                                                                                                                                                     
  CXCL12                                   CXCR4                                                                                                               Angiogenesis                                                                                                                              \[[@B136-ijms-21-04449],[@B137-ijms-21-04449],[@B138-ijms-21-04449]\]
  CXCR7                                    Homing and establishment of metastasis                                                                              \[[@B108-ijms-21-04449],[@B109-ijms-21-04449],[@B110-ijms-21-04449],[@B139-ijms-21-04449],[@B140-ijms-21-04449],[@B141-ijms-21-04449]\]   
                                           Regulation of Integrin expression                                                                                   \[[@B142-ijms-21-04449],[@B143-ijms-21-04449],[@B144-ijms-21-04449],[@B145-ijms-21-04449]\]                                               
  RANKL                                    RANK                                                                                                                EMT                                                                                                                                       \[[@B146-ijms-21-04449],[@B147-ijms-21-04449]\]
  Homing and establishment of metastasis   \[[@B148-ijms-21-04449],[@B149-ijms-21-04449],[@B150-ijms-21-04449],[@B151-ijms-21-04449],[@B152-ijms-21-04449]\]                                                                                                                                             
  Remodeling of metastatic site            \[[@B119-ijms-21-04449],[@B153-ijms-21-04449]\]                                                                                                                                                                                                               
  CXCL8                                    CXCR1                                                                                                               EMT                                                                                                                                       \[[@B154-ijms-21-04449]\]
  CXCR2                                    Angiogenesis                                                                                                        \[[@B155-ijms-21-04449],[@B156-ijms-21-04449],[@B157-ijms-21-04449]\]                                                                     
  CX3CL1                                   CX3CR1                                                                                                              EMT                                                                                                                                       \[[@B76-ijms-21-04449]\]
  VEGF                                     VEGFR                                                                                                               Angiogenesis                                                                                                                              \[[@B91-ijms-21-04449],[@B92-ijms-21-04449],[@B93-ijms-21-04449],[@B94-ijms-21-04449],[@B158-ijms-21-04449],[@B159-ijms-21-04449]\]
  Homing and establishment of metastasis   \[[@B160-ijms-21-04449],[@B161-ijms-21-04449]\]                                                                                                                                                                                                               
  Regulation of integrin expression        \[[@B162-ijms-21-04449]\]                                                                                                                                                                                                                                     
  IL-1                                     IL-1R                                                                                                               Promotes invasion and metastasis                                                                                                          \[[@B163-ijms-21-04449]\]
  CXCL1                                    CXCR1                                                                                                               EMT                                                                                                                                       \[[@B164-ijms-21-04449],[@B165-ijms-21-04449]\]
  CXCR2                                                                                                                                                                                                                                                                                                  
  IL-7                                     IL-7R                                                                                                               EMT                                                                                                                                       \[[@B77-ijms-21-04449]\]
  CXCL16                                   CXCR6                                                                                                               EMT                                                                                                                                       \[[@B166-ijms-21-04449]\]
  Promotes invasion and metastasis         \[[@B167-ijms-21-04449],[@B168-ijms-21-04449]\]                                                                                                                                                                                                               
